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Abstract 
Cave speleothems are an established source of preserved data used in paleo-
environmental reconstruction, as climate and land use information can be recorded in the 
carbon and oxygen isotopes. Speleothems in the tunnels of the canals in West Midlands, 
UK were investigated as another potential record as they appear to experience a rapid 
growth rate, a requirement to detect short-term climate events and low-amplitude climate 
signals. Formation in artificial structures restrict the potential record to the past 150 
years, while other speleothem-based proxies span millennial time scales. Upon analysis, 
speleothem oxygen isotopes reflect the Atlantic Multi-Decadal Oscillation (AMO), and 
carbon and oxygen isotopes are correlated to land use changes. The results indicate 
speleothems from canal tunnels in central England potentially provide a record of land 
use changes and precipitation source water related to the AMO. Tunnel speleothem 
isotope data have the potential to serve as valuable datasets in climate teleconnection and 
modeling studies.  
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Introduction 
The Birmingham Canal Navigations (BCN) and the Staffordshire and 
Worcestershire Canal (SWC), built between 1772 and 1858, are systems of canals 
connecting the industrial areas of the Black County in the West Midlands, United 
Kingdom, and are part of the larger English canal system. Several tunnels were constructed 
along BCN and SWC networks including the Tardebigge, Shortwood, Wast Hills, 
Netherton, and Dudley tunnels. Water infiltrating through the country rock and into the 
tunnels has resulted in the formation of well-developed speleothems in the form of 
stalactites, soda straws, and flowstone. Some of these deposits have calcite accumulations 
of over 100 mm, suggesting accumulation rates on the order of 1 mm/year. The tunnels 
range from 530-2900 meters in length, which creates a stable, cave-like environment for 
speleothem growth with restricted airflow, constantly high humidity, and little annual 
temperature variation.  
Stable isotopic analysis of oxygen and carbon of calcite in speleothems from caves 
are commonly used in paleoenvironmental studies to provide long-term records of 
variations in short-term climate (temperature and precipitation) and land use (farmland, 
industrial and residential) changes (Akers et al., 2016; Fairchild et al., 2006; Jex et al., 
2010; Mattey et al., 2008). However, most cave speleothems have calcite accumulation 
rates of less than 1 mm/yr and so cannot resolve annual or even decadal oscillations in 
climate. Calcite accumulation rates of 1mm/yr, as in the tunnel speleothems, are unusual 
and have the potential to provide a high-resolution record of climate anomalies and/or 
environmental change. For recent speleothems such as these, isotope records are supported 
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by instrument climate data, historic land-use changes, and phenology records (Mattey, et al., 2008; Proctor et al., 2000).  
Speleothems were collected from canal tunnels in the West Midlands, subsampled, 
and submitted for stable isotope analysis of calcite. The time series of speleothem oxygen 
and carbon isotopes are compared with climate records, including regional instrument 
station temperature and precipitation data, records of North Atlantic weather phenomena 
of the Northern Annular Mode (NAM) and North Atlantic Oscillation (NAO), the climate 
index of the Atlantic Multidecadal Oscillation (AMO), and historical air quality and land 
use changes. To evaluate local hydrology, rainwater from a surface sampling site and drip 
water from the Netherton Tunnel at one of the speleothem sampling sites was collected 
over a 13-month period and submitted for hydrogen (2H, or deuterium) and oxygen (18O) 
isotope analysis. Differences between the annual variation of precipitation and drip water 
isotopes are used to evaluate groundwater residence time and hydrologic pathways. The 
UK has a maritime climate influenced by numerous regional maritime and continental air 
masses (Mayes & Wheeler, 2013). 
Instrument records from the United Kingdom indicate accelerated warming from 
1960-1990 with temperatures increasing at a rate of 0.27 degree Celsius per decade 
(Kendon et al., 2017). This warming trend since the mid-1970s has affected the length of 
seasons, and is expressed in regional phenological data (Cotton, 2003; Kauserud et al., 
2012; Sparks & Crick, 2015; Thackeray et al., 2010). Over a 30-year period, spring has 
advanced by 6 days across Europe while autumn arrives 4.8 days later (Mentzel & Fabien, 
1999).  
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Results of this investigation suggest that oxygen isotopes provide a time series of 
changes in predominant oceanic sources of precipitation on the scale of the AMO. 
Furthermore, correlation of δ18O with land use indicates a seasonal variation in infiltration 
biased toward the cold season. Carbon isotopes are difficult to interpret and suggest 
multiple phases of exchange with ancient carbon during infiltration through the vadose 
zone prior to calcite precipitation. 
Background 
Speleothems  
Speleothems serve as environmental archives as they contain stable isotopes of 
oxygen (δ18O) and carbon (δ13C), the proportion of which is responsive to environmental 
variables, such as temperature, rainfall, air quality, and local vegetation cover and type 
(Fairchild et al., 2006).  Speleothems are widely used in paleoclimate studies because they 
provide records of climate and the physical environment in stratified layers that potentially 
provide chronology. In addition, organic compounds are often incorporated in the calcite 
of speleothems and can be used as environmental proxies (Blythe et al., 2016).  There are 
currently no independent, high-resolution climate proxies spanning the past 150 years in 
the central England region; instead, existing speleothem-based proxies in the UK span 
millennial time scales (Kashiwaya et al., 1991; Baker et al., 1995). Because of their rapid 
growth rates, tunnel speleothems might provide a high-resolution record of climate and 
land use since tunnel completion in the mid-1800s. 
Because of the maritime setting, the isotope characteristics of meteoric 
precipitation reflect source water from the north Atlantic region surrounding the UK. 
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Additionally, periodic weather phenomena such as the NAO, NAM and cyclic changes in 
climate-driven AMO affect the source of precipitation and therefore the isotope 
composition. 
Speleothem formation in underground caverns depends on the percolation of 
water through overlying rock (Figure 1). Meteoric water infiltrates and equilibrates with 
soil CO2 with a PCO2 of about 10 -2 (Hendy, 1971). With further infiltration, the water 
dissolves carbonates in the rock and becomes saturated with calcite, Ca(HCO3)2.  
CO2 (g) ↔ CO2 (aq)  Diffusion of CO2 into water [1] 
CO2(aq) + H2O(l) ↔ H2CO3 Formation of carbonic acid  [2] 
H2CO3 ↔ H+ + HCO3- Formation of bicarbonate  [3] 
CaCO3(s) + H2O(l) + CO2(aq) → Ca(HCO3)2(aq) Dissolution of bedrock [4] 
The saturated solution continues to percolate through fractures and pores in the 
rock. Speleothems grow through the precipitation of calcium carbonate (CaCO3) as the 
carbonate solution drips into the cave. Evaporation or degassing of CO2 increases Ca2+ 
concentration until CaCO3 is no longer soluble. Evaporation occurs near cave entrances, 
where there is exchange of saturated and unsaturated air. Degassing is the prominent 
mechanism in the depths of caves where relative humidity remains near 100%. 
Evaporation and degassing drive the reaction to deposit calcium carbonate:  
HCO3- ↔ H+ + CO32- Formation of carbonate [5] 
Ca(HCO3)2(aq) → CaCO3(s) + H2O(l) + CO2 (aq) Formation of calcium carbonate  [6] 
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Figure 1. Tunnel Schematic 
The trace element strontium (Sr) can be incorporated in calcite as a substitute for 
Ca when Ca availability is restricted (Fairchild et al., 2000). Higher Sr/Ca ratios occur at 
lower drip rates, increasing Sr concentration during dry conditions with more rapid calcite 
precipitation (Fairchild et al., 2000; Johnson et al., 2006; Huang, et al, 2001).  
Stable Isotopes in Speleothems  
The relative abundance of the heavy isotope in a sample, compared to a standard, 
is represented by the delta notation, δ18Ox or δ13Cx, in per mil (‰), and is calculated as: 
δ18O = {[(18O/16O)sample/(18O/16O)Standard]-1}*1000  [7] 
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δ13C= {[(13C/12C)sample/(13C/12C)Standard]-1}*1000  [8] 
There are two international standards for measuring ratios of δ18O; Vienna Peedee 
Belemnite (VPDP) or Vienna Standard Mean Ocean Water (VSMO). It is convention, 
however, to report 18O/16O in VPDP when working with carbonates. VPDP is also the 
standard for δ13C, which is measured concurrently with δ18O during analysis via isotope-
ratio mass spectrometry (IRMS). The IRMS precision of both δ18O and δ13C analyses is 
typically ±0.1‰.  
When speleothems form in oxygen isotope equilibrium with drip water, the 
temperature at the time of precipitation is incorporated in the isotopic record. The 
paleotemperature equation (Epstein et al., 1953) provides the formation temperature: 
T(°C) = 16.5 - 4.3(δ18Ocalcite - δ18OH2O) + 0.14(δ18Ocalcite - δ18OH2O)2  [9] 
In general, equilibrium conditions are most likely met at sites far from entrances or 
openings, with a relative humidity of approximately 100%, stagnant air resulting in high 
PCO2, and constant seasonal temperatures that mimic the overlying surface mean annual 
temperature (Schwarcz, 2007). In these conditions, equilibrium deposition should provide 
a record of surface temperatures (Schwarcz, 2007).  
In-cave evaporation, temperature, and drip rate influence the formation of 
speleothems and their role in recording climate (Day & Henderson, 2011). Kim and O’Neil 
(1997) determined the oxygen isotope equilibrium fractionation factor for the precipitation 
of synthetic calcite:  
1000lnα(calcite-water) = 18.03(1000/T) - 32.42, [10] 
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where α is the fractionation factor expressed in convention with the delta value per mil, 
and T is the temperature in degrees Kelvin (Clark & Fritz, 1997; Kim & O’Neil 1997). 
The temperature-dependent fractionation of oxygen in isotopic equilibrium 
represents the proportion of elevated concentrations of heavier isotopes in calcite, which 
form relatively stronger covalent bonds. Greater dissociation energy is required to release 
the heavier oxygen isotope. The 18O is, therefore, preferentially incorporated in the solid 
state of calcite. To resolve residual uncertainty regarding speleothem formation in 
equilibrium or evaporative conditions, equation 10 for oxygen isotope equilibrium 
fractionation between water and calcite can be applied at any given temperature (Kim & 
O’Neil, 1997).  
Low temperature, fast dripping, and high humidity environments experience the 
most growth, providing favorable controls for paleoclimate studies (Day and Henderson, 
2011). At low temperatures and high drip rates, temperature has a greater impact on growth 
than drip rate (Day and Henderson, 2011; Genty et al., 2001). With higher degassing rates, 
speleothems become enriched in δ18O (Hendy, 1971). Growth rate is strongly correlated to 
the mean annual temperature of the overlying surface and drip water calcium ion 
concentrations, both sensitive to soil CO2 levels (Genty et al., 2001). Seasonal variations 
in growth rates are related to site hydrology and generally demonstrate similarities from 
year to year (Genty et al., 2001).  
Two controls impact the δ18O of calcite in speleothems. First, mean air temperature 
(MAT) at the terrain surface is positively correlated to the δ18O of precipitation at mid- to 
high-latitudes (Dansgaard, 1964; Rozanski et al., 1993) and meteoric water is the conduit. 
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There are 10,000 times as many oxygen atoms in water than in any of the carbonate phases 
(Dreybrodt, 2008). Therefore, the oxygen isotopes from the water dominate isotopic 
equilibrium (Dreybrodt, 2008). The second control is the cave, or in this case tunnel, 
temperature which is negatively correlated to calcite δ18O (Duplesy et al., 1970; Schwartz, 
1986; Gascoyne, 1992).  
Fluctuations in the δ13C signal represent variations in carbon sources and mixing 
processes during dissolved inorganic carbon (DIC) formation, and are not significantly 
temperature dependent (Schwartz, 2007). Carbon in speleothem calcite under ideal 
conditions has two sources: atmospheric and soil CO2, and DIC from dissolution of 
carbonate along the path of infiltration (Figure Tunnel Drawing). However, there are many 
factors that influence the isotopic ratios of 12C, 13C and potentially 14C.  
Atmospheric concentrations of CO2 at present are about 400 ppm (10-3.4) with a 
δ13C of -7 to -8 ‰ (Team, 2005; Clark & Fritz, 1997) (Figure 2). Soil atmosphere is 
enriched in CO2 from microbial respiration and has concentrations of about 10,000 ppm or 
1% (10-2). The contribution of atmospheric PCO2 to the isotopic composition of DIC is 
negligible when compared to soil PCO2 and thus meteoric waters equilibrate with soil PCO2 
as they infiltrate the subsurface (Clark & Fritz, 1997). The soil CO2 isotopic ratio of 13C/12C 
(δ13C) is highly dependent on the source of carbon involved in microbial metabolism.  
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Figure 2. Carbon Isotope Ranges 
Plants have two different photosynthetic pathways, C3 and C4. The C3 
photosynthetic pathway results in a δ13C range of -24 to -30 ‰, whereas the C4 
photosynthetic pathway results in δ13C values of -10 to -16 ‰.  
The UK consists of C3 landscapes. C3 vegetation includes most crops and plants 
native to temperate regions at high latitude, as well as tropical forests. These processes 
result in an overall depletion in C3 plant 13C of approximately 22‰ and the δ13C of the CO2 
in C3 soils is typically -23‰ (Clark & Fritz, 1997).  
The δ13C of dissolved carbonate is generally very close to VPDB (δ13C = 0.0) 
reflecting marine limestone. Therefore, the δ13C value of DIC in infiltrating waters formed 
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by soil CO2 in a C3 environment dissolving marine limestone would typically range from 
-12 to -15 ‰. However, there are many factors that influence δ13C in DIC.  
1. Carbonate in the vadose zone may be secondary carbonate and not primary marine 
carbonate.  
2. Burning of fossil fuels, particularly coal, pollutes the atmosphere with ancient carbon 
with a δ13C value of -28‰ (Team, 2005). In addition, detrital soot from coal burning 
can affect soil CO2. 
3. Microbial decomposition of ancient carbon such as coal or other detrital carbon deep 
within the vadose. 
4. Multiple generations of precipitation and dissolution in the vadose zone. 
During an investigation of speleothem samples from a British cave system, as well 
as a review of analyses of speleothem samples from Great Britain, Baker et al. (1997), 
noted elevated δ13C values over the expected range (-12 to -6 ‰) for a C3 landscape. 
Additionally, they observed 17% variability, approximately one standard deviation, in the 
δ13C signal. These results have three potential causes. First, evaporation or degassing 
during the growth of cave formations causes isotopic fractionation. Secondly, the degassing 
of groundwater before it reaches the cave maintains calcium levels while CO2 is released. 
Lastly, short residence time of water in the soil does not allow for equilibrium between soil 
H2O and soil CO2 to be achieved. Care is therefore necessary when interpreting the δ13C 
values of speleothems with respect to paleovegetation (Baker et al., 1997). 
The Suess Effect refers to the decrease in 13C and 14C resulting from the combustion 
of fossil fuels, and represents the dilution of isotopic carbon by anthropogenic activity. 
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Fossil fuels are depleted in 13C and as coal is largely composed of C3 vegetation (Farquhar 
et al.,1989) and is extremely old.  
Interpreting the isotope signature of speleothems is challenging, as abundant 
controls on both carbon and oxygen isotopes are present during the evolution from source 
water to speleothem (Lachinet, 2006). For example, isotopic composition of cave drip 
water is likely affected by mixing along different paths through the bedrock (Long & 
Putnam, 2004). Mixing dampens the δ18O signal, and therefore the δ18O of the calcite 
integrates or averages the composition of precipitation over the residence time in the 
vadose zone (Lachinet, 2006). 
In the role of archiving climate trends, translating speleothem records is often 
difficult during less pronounced climate shifts and shorter periods. Employing more than 
one proxy and investigating the mechanism of formation improves the interpretation 
process as variations in signals caused by long-term climate, mid-range seasonal and short-
term weather effects, as well as additional environmental factors, are all encoded in 
speleothems. Fairchild et al. (2006) cites five major factors influencing speleothem 
geochemistry. The atmosphere, vegetation/soil, karstic aquifer, and initial deposition, 
along with modification of speleothem layers, all offer contributions to speleothem growth 
that mask the direct impact of climate. Growth from different seasons and their 
proportional changes over time act as indicators of seasonal variation. Longer time period 
signal fluctuations likely describe synoptic processes that trigger specific isotope signals, 
and thus trends in the frequency of weather types. Carbon and trace element signals derived 
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from the overlying soil and ecosystem can display variations over time that mirror the 
history of land use and other changes (Fairchild et al., 2006). 
Stable Isotopes of Water: The Evolution of Oxygen and Hydrogen Isotopes from 
Source Water to Precipitation. 
The stable isotopes, 18O and deuterium, or 2H, can be used to characterize air masses 
and identify various source waters and thus the origin (Gat, 1971). Numerous studies have 
investigated the effect of evaporative processes from surface waters on oxygen and 
hydrogen isotopes (e.g. Gat, 1971; Craig & Gordon, 1965; Gonfiantini, 1986). A thin 
saturated boundary layer maintains isotopic equilibrium with the water surface below. In a 
transition zone above the boundary layer, fractionation during bi-directional molecular 
diffusion of water vapor determines isotopic enrichment or depletion in the liquid and 
atmosphere, respectively (Figure 3) (Clark & Fritz, 1997). The fractionation between the 
water body and the atmosphere is, therefore, the sum of the equilibrium isotope 
fractionation in the boundary layer, and in the transition zone, the kinetic fractionation from 
diffusion into the air column as well as that from the return of atmospheric moisture (Gat, 
1996; Clark & Fritz, 1997). Evaporation results in the water becoming enriched with the 
heavier isotopes of both oxygen and hydrogen while the vapor becomes depleted (Gat, 
1971). Because of its greater mass, the kinetic fractionation of 18O exceeds that of 2H, while 
equilibrium fractionation of 2H remains much greater than that of 18O. The relationship of 
δ18O to δ2H is thus variable, and water bodies influenced by evaporation are identified by 
lower slopes than the slope of ~8 of the Global Meteoric Water Line (Clark & Fritz, 1997, 
pg 43). Various humidity levels cause variation in the 2H values of precipitation; the 
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difference from seawater is termed deuterium excess. Fractionation depends on surface 
temperature, vapor pressures of the various isotopologues, wind shear and associated water 
turbulence, and, most of all, relative humidity. The isotopes in the vapor experience 
additional modification during the formation of an air mass as evaporated water vapor 
mixes with water vapor resulting from previous condensation and precipitation over the 
ocean (Craig & Gordon, 1965; Gat, 1996).  
 
Figure 3. Non-equilibrium evaporation at the water-air interface. Relative humidity levels (h) within each 
layer are denoted. 
The temperature of an air mass decreases as it migrates to higher latitudes, or 
experiences adiabatic cooling during orographic lifting over land masses, and vapor 
condenses as precipitation, or “rain out.” Precipitation is an equilibrium process in the 
cloud (h = 100%) during which equilibrium fractionation occurs and preferentially 
14  
incorporates 18O and 2H in the condensate (Gat, 1971). The isotopic difference between 
phases is expressed in Figure 4 as the enrichment factor (Ɛ). Isotopically enriched water 
molecules are removed from the air mass and the remaining vapor becomes depleted in the 
heavier isotopes. This process, Rayleigh distillation, continues as subsequent precipitation 
is further depleted compared to earlier precipitation from the same air mass (Gat, 1971; 
Clark & Fritz, 1997). Rain-out, therefore, creates progressive isotopic depletion of the 
heavy isotopes in precipitation. Temperature and Rayleigh distillation impact the δ18O and 
δ2H values of meteoric water (Dansgaard, 1964; Sharp, 2017).   The distance from source 
water, greater in higher latitudes and over the interior of continental land masses, altitude 
and seasons contribute to the degree of Rayleigh distillation. 
 
Figure 4. Isotopic evolution of Rayleigh distillation during rainout in a closed system. Clark & Fritz, 1997 
Climate in the United Kingdom 
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The United Kingdom is situated in the high mid-latitudes, and experiences a 
maritime climate that is typically cool and cloudy, with infrequent temperature extremes. 
At least six major air masses influence the climate of the United Kingdom (Mayes & 
Wheeler, 2013) as depicted in Figure 5.  
 
Figure 5. Air Masses 
Climatic teleconnections in the UK are influenced by three major weather and 
climate cycles that vary the source of precipitation and therefore isotopic composition. The 
Arctic Oscillation (AO) (or Northern Annular Mode, NAM) and the North Atlantic 
Oscillation (NAO) are non-periodic, high frequency weather anomalies related to sea-level 
atmospheric pressure. The Atlantic Multi-Decadal Oscillation (AMO) is a climate cycle 
that affects sea-surface temperatures on a multi-decadal scale. 
Artic Oscillation or Northern Annular Mode. The NAM is a weather index with 
no periodicity that describes sea level pressure (SLP) anomalies between the arctic and the 
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mid latitudes. A positive NAM index represents low surface pressure in the Arctic; in this 
mode, the jet stream remains consistent in strength and direction and Arctic air masses are 
generally restricted north of the Arctic Circle. Higher pressure at mid-latitude forces ocean 
storms northward, delivering wet weather to the United Kingdom and dry conditions to the 
Mediterranean. High pressure (a negative NAM index) in the Arctic leads to greater 
meridional flow of the sub-polar jet stream, causing a southern incursion of cold air into 
the mid latitudes. The United Kingdom, then, experiences much colder and drier 
conditions. 
North Atlantic Oscillation. The NAO refers to non-periodic fluctuations in the 
difference of sea level pressure (SLP) between the Subpolar (Icelandic) Low-pressure 
system in the Arctic and the Subtropical (Azores) High-pressure system in the northern 
mid-Atlantic. With varying intensities, both pressure systems compete for control of winds 
and weather tracks over the Northern Atlantic. They also influence temperatures, storm 
activity and precipitation across the North Atlantic, North America, Europe, Western Asia 
and the Mediterranean.  
A positive NAO index indicates a strengthening of both the Icelandic Low and the 
Azores High. This results in below normal pressures at high latitudes and above normal 
pressure over central North Atlantic and Western Europe. These conditions result in strong 
westerly winds that direct moisture over northern Europe resulting in mild temperatures 
during summer and winters, and frequent precipitation. A negative NAO index results in 
the opposite conditions: above normal pressure near the Arctic and below normal pressure 
at mid-latitude. These conditions cause harsher temperatures, hotter summers and colder 
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winters, drier conditions, and storms that track over the Mediterranean region to the south 
(Rodwell et al., 1999). 
Atlantic Multidecadal Oscillation. The AMO is a cycle of recurring changes in 
sea surface temperatures (SST) in the North Atlantic Ocean (0-80N) that occurs over 
several decades, on the order of 20-40 years (National Oceanographic and Atmospheric 
Administration (NOAA)) to 60-80 years (Trenberth and Zhang, 2019) (Figure 6). The 
AMO index is persistent over multiple instrument and reconstructed SST datasets 
(Trenberth and Zhang, 2019). Trends in mean surface temperatures and rainfall in the 
northern hemisphere, especially associated with the summer climate across Europe, 
correspond to the AMO. Shifts from cold (negative AMO) to warm (positive AMO) phases 
are correlated to warming periods in the Northern Hemisphere (Zampieri, 2017). 
 
Figure 6. The Atlantic Multi-Decadal Oscillation 
Air quality. Air quality in the Midlands, UK, has been reconstructed for the period 
1890 to 2010 (Mooers et al., 2016). Coal burning over this period had a significant impact 
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on air quality resulting in high SO2 and particulate (soot) concentrations.  Soot from coal 
burning contributes ancient carbon to soils. 
Temperature and Precipitation 
Central England Temperature. The Central England Temperature (CET) record 
is the longest instrument station temperature record in existence, spanning from 1772 to 
the present. The dataset is compiled from the three stations (Figure 7): Stoneyhurst in 
Lancashire, Pershore in Worchestershire and Rothamsted in Hertfordshire (Met Office, 
2018). This long-term temperature record has been corrected for data gaps, heat island 
effect, station closures, and short-term variability (Parker et. al, 1992). 
Central England Precipitation. The HadUKP data set is the longest instrument 
record of precipitation in existence. Initial collection, the England and Wales Precipitation 
(EWP) record, was started in 1766 and continues to the present. The EWP consists of 
weighted precipitation totals from a network of stations spanning five regions in England 
and Wales. Multiple studies have updated and revised the record (Craddock, 1976; Manley, 
1977; Wigley et al., 1984; Simpson & Jones, 2011).  
Historical Station Data. The Met Office also maintains Historic Station Data, 
which include individual station records from Ross-On-Wye, Coventry, City Hospital, 
Edgebaston, Shawbury, Sutton Bonnington and Oxford (Figure CET and Individual 
Stations). The data include the monthly temperature minimum (Tmin), maximum (Tmax), 
and average (Tavg) and precipitation totals (Met Office, 2017).  
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Figure 7. Location of stations for CET and Historic Station Data 
Dating Speleothems  
Chronology is critical for comparison of speleothem proxies with instrumental 
climate data and environmental parameters to recognize potential relationships. 
Radiometric dating can be used to determine annual layering (Tan et al, 2014; Baker 2008).  
Uranium-series dating is the most common method of dating speleothems 
samples (Tan et al, 2014; Spotl & Boch, 2012). The uranium (U) levels in calcite 
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speleothems typically fall between 100 and 1000 parts per billion U (Schwartz, 2007). The 
parent isotope, 238U, is water-soluble and precipitates with calcite. The daughter isotope, 
230Th is insoluble and adsorbs onto particles. When uranium is integrated in the calcite 
crystal, a zero 230Th/238U ratio exists before 238U begins to decay. 
The secular equilibrium along the growth axis determines the age of the calcite. 
Calcite speleothems tend to consist of large crystals that maintain their initial structure after 
deposition (Schwartz, 2007), preserving the record. U-series analysis is accomplished via 
thermal ionization mass spectrometry (TIMS). Higher U concentration, increased 
speleothem age, and a lack of detrital contamination from cave flooding all lower the 
uncertainties in the initial 230Th/232Th ratio and increase precision (Dorale et al., 2004). 
Instrument contamination and high levels of error, however, can result from detrital 
material and organics in carbonates (Blythe et al., 2017). 
210Pb dating techniques are commonly used on samples younger than 150 years. 
Since ground water and drip water in caves have high concentrations of 222Rn, recent 
speleothem growth should contain excess 210Pb in sufficient quantities for radiometric age 
determination (Baskaran and Iliffe, 1993). Multiple challenges accompany this method, 
such as variable lead concentrations and large sample size requirements (Baskaran, and 
Iliffe, 1993; Tan et al, 2014; Tanahara; Akira, et al., 1998). 
Radiometric dating of 14C often produces a timeline of speleothems. When 
speleothems form in hyperalkaline conditions, atmospheric characteristics are preserved as 
the carbon and oxygen atoms dissociate at a slower rate (Hartland et al., 2014). Speleothem 
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14C content is impacted by atmospheric radiocarbon and the atmospheric bomb peak may 
be recorded. Therefore, analysis of young speleothems seeks to identify the increase in 
atmospheric carbon resulting from H-bomb testing that occurred between 1950 and 1963 
(Hodge et al., 2011; Tan et al. 2014), versus radiometric dates (I. Fairchild, personal 
communication, March 2-3, 2019).  
Annual laminas provide an age model for paleoclimate information in 
speleothems. Layers formed by fluctuations in annual cycles of organic matter can be 
identified with confocal laser microscopy (Tan et al, 2014; Baker et al, 2008; Baker et al, 
1999). Laminae identified by variations in the texture and fabric of calcite deposits are 
visible with transmitted and reflected light microscopy (Tan et al, 2014; Baker et al, 2008).  
Annual layering in speleothems can also be identified by annual cycles in the 
strontium-calcium (Sr/Ca) ratio. (Tan et al. 2014, Johnson et al., 2016). During dry periods, 
speleothem Sr/Ca and δ13C are enriched by the relative unavailability of Ca in solution 
(Johnson et al., 2006). Enrichment can occur from a lower drip rate causing a higher rate 
of CO2 degassing and calcite precipitation. Enrichment can also result when Ca precipitates 
in the bedrock or cave ceiling prior to reaching the speleothem. Both processes are 
associated with drier conditions (Johnson et al., 2006). 
Study Area 
The Birmingham Canal Navigations 
The extensive canal system in England, which was established in the mid-1700s, 
but was replaced by the railway less than a century later. Currently the canal network is 
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maintained for recreation and tourism. The Birmingham Canal Navigations (BCN), in the 
West Midlands, England, is a network of canals that connects Birmingham to 
Wolverhampton and the Black Country and at specific junctions, the rest of the British 
canal system. The BCN was created on three primary levels connected by locks. Originally, 
vessels that travelled the canals were towed by oxen, men, or horses from an adjacent 
towpath. Although boats are now self-powered (diesel), the towpaths remain as trails.  
Tunnels  
The canals incorporate tunnels to avoid high-relief terrain. Three tunnels in the 
BCN were the focus of this investigation. The Shortwood Tunnel, is located seventeen 
kilometers south of Birmingham and is 560 meters long. The Shortwood tunnel lies in a 
region of mildly-deformed sandstone and mudstone, with speleothem formation associated 
with a fracture network near the southern entrance of the tunnel.  
Between the Shortwood Tunnel and Birmingham is the Wast Hills tunnel, 
constructed in 1797, with a length of 2,493 m. The overlying bedrock consists of 
undeformed, homogeneous mudstone, and there are no significant geological structures in 
the vicinity, consequently no substantial speleothem growth occurs along the tunnel. 
Eleven kilometers to the west of Birmingham, Netherton Tunnel, spans 2,768 m 
through Tansley Hill. The Netherton Tunnel was opened in 1858 and the overlying Etruria 
Formation. 
The Etruria Formation underlies much of the Black Country of the West Midlands. 
Red beds comprised of calcareous red mudstones and sandstones overlie and are 
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interdigitated with the coal bearing grey beds of the Upper Carboniferous Coal Measures 
(Besley & Turner, 1983; Besley & Cleal, 1997; Geology of the West Midlands Branch 
Area, 2011) (Figures 8 and 9). The Etruria Formation overlying the Netherton Tunnel has 
undergone significant deformation and is characterized by networks of faults and fractures 
(Figures 8 and 9). 
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Figure 8. Tunnel Geology 
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Figure 9. Netherton Tunnel Cross Section  
Geology and Speleothem Formation 
Groundwater seeping through carbonate bedrock above the tunnels has formed 
multiple types of speleothems on the tunnel brickwork. The drip water results in both sheet-
like deposits, called flowstone (Figure 10, Figure 11 and Figure 12), as well as dripstone, 
which can be in the form of stalactites or soda straws (Figure 13) soda straws and 
Stalactites) on the tunnel ceilings and walls. Thin flowstone and soda straws are not suited 
to paleoclimate studies; layering tends to be inconsistent while soda straws experience 
dissolution and re-deposition of calcite (Self & Hill, 2003). The stalactites and areas of 
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thick flowstone in the canal tunnels, however, are extensively developed with thicknesses 
of 10 cm or more; given the age of the tunnels, deposition rates over 0.5 mm/year are 
indicated (Figure 13). 
 
Figure 10. Thin Flowstone 
 
Figure 11. Soda Straws and stalactites 
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Figure 12.Thick Flowstone 
 
Figure 13. Thick Flowstone Close-Up 
Methods 
Event Log and Mapping 
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A diesel-powered narrowboat served as a platform for tunnel investigation and 
sample collection. A record of tunnel features including speleothem formations, drip rates 
and other points of interest was created via a constant-speed, timed transit of the tunnel via 
narrowboat. The motor was run at idle to produce a constant, slow traverse of the length of 
the tunnel and total time of passage was applied to determine the motoring speed, which 
was subsequently used to calculate the location of each event based on the time it was 
recorded. 
Speleothem Collection Sites 
Speleothems from the Shortwood and Netherton Tunnels were collected for 
analysis (Figure 19). Two stalactite samples were collected (286 m and 294 m) from an 
area of soda straws interspersed with several stalactites located in the center of the 
Shortwood tunnel (Figure 16). The paucity of large speleothems in the Shortwood tunnel 
allowed for the collection of only the two samples. No samples were collected from the 
Wast Hills Tunnel; the only calcite accumulations that were significant were associated 
with airshafts (Figure 17), and therefore difficult to infer the environment of formation. 
Several samples were collected from the Netherton Tunnel (Figure 18). Sample N5 was 
collected on the west wall at 1610 m, in the center section of the tunnel, from what appeared 
to be a stalactite, however, after sampling, it was determined that the flowstone had formed 
around a pipe. The rest of the samples were collected from the southwest portion of the 
tunnel. A second sample (N2) was collected from the continuous stretch of flowstone along 
the west wall at 2338 m. The thin flowstone at 2538 m yielded Sample N1 while two 
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samples (NB and NA) were cut from the thick flowstone of the east wall at 2559 m and 
2628 m, respectively.  
Speleothem Sample Collection 
Rock samples from the Shortwood Tunnel were collected with a chisel and 
hammer. In the Netherton Tunnel, samples NA and NB were sampled with a battery-
operated rock saw. It was not possible to sample the calcite accumulation to the base against 
the brickwork because the flowstone was slightly thicker that the cutting-depth of the rock 
saw. Sample N1, N2 and N5 were collected with a chisel and hammer.  
Local Water Testing and Collection 
Drip water samples were tested on-site with Fisherbrand pH paper for 6-8 pH range. 
Alkalinity was estimated with Hach AquaChek alkalinity test strips along the length of the 
tunnel at 150 m, 1590 m, which coincides with the location of rock sample N5, and 2325 
m inside the northern entrance.  
Meteoric, tunnel drip and tunnel puddle water were collected over the course of one 
year (February 2018 - February 2019). Samples of rainwater were collected during rain 
events at a residence in district B29 (Birmingham Selly Oak) close to the beginning of each 
event, followed by up to 3-4 samples at hourly intervals when possible.  
Additionally, drip and puddle samples were collected from the Netherton Tunnel 
every two weeks. Drip water collection occurred from flow down the tunnel wall 
approximately 260m inside the south entrance at the location of the sample site NAC. 
Water from the puddle at the base of the wall within 1 meter of the NAC location was 
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collected concurrently. All of the collected water samples were stored in 15 mL plastic 
centrifuge tubes. The caps were wrapped in Parafilm tape for an airtight seal. The samples 
were stored in a refrigerator until they were bagged and shipped back to the United States. 
Upon arrival to the U.S., the samples were logged, prepared, and analyzed on a Picarro 
L2130-i Ultra High precision Isotopic Water Analyzer with an attached Picarro High 
Precision Vaporizer at the Large Lakes Observatory, University of Minnesota in Duluth. 
Results of the 18O isotope values were tabulated in Excel.  
Speleothem Analysis 
X-ray fluorescence (XRF). Once the speleothem samples were collected, they 
were cut and polished to evaluate internal structure. They were first analyzed by a core-
scanning ITRAX XRF at the Large Lakes Observatory at the University of Minnesota 
Duluth. The highest resolution of .2 mm was utilized to investigate the elemental 
composition of the samples. The samples were scanned from the most recent deposits to 
the oldest. The results were reprocessed and normalized to kilocounts per second (kcps), 
which can act as a measure of density. This normalization corrects for minor differences in 
porosity of the calcite.  
Confocal microscopy. The University of Minnesota Duluth’s Research Instrument 
Lab (RIL) used a Zeiss LSM710 Confocal Laser Scanning Microscope with a 488 nm 
Argon laser at 2% power and emission filter of 493-556 nm to image the samples. 
Numerous frames, each with a field of view of 1395 µm × 1395 µm, were patched together 
by a tile scan to create a total scan area, which varied in rectangular shape and included 
sufficient fields of views to encompass features of interest for each sample. The resolution 
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was 64x64 pixels of size 22.14 µm x 22.14 µm and the pixel dwell time was set to 
355µsec/pixel and a frame scan rate of 2.03 sec/frame. The process used a Zeiss EC Plan - 
Neofluar 10x M27 (dry objective) objective lens with a focus depth from the surface of 
approximately 50-100µm. 
Oxygen and carbon isotopes from speleothems. Select speleothems were chosen 
for sub-sampling and stable isotope analysis. Samples were drilled from speleothems at 1 
mm intervals using a Dremmel Multi-Pro drill fitted with a 0.5 mm dental drill bit.  Two 
transverse sections from the Netherton tunnel were submitted for preparation and 18O and 
13C isotope analyses. The LacCore Lab at the Limnological Research Center Core Facility, 
University of Minnesota Twin Cities, prepared an initial batch of samples for stable isotope 
analysis. Bleaching, rinsing and centrifuging to decant off water served to remove organics. 
The samples were then shipped to the Stable Isotope Lab at Utah State University. Prepared 
samples were transferred into analysis vials and dried in a vacuum oven to remove all 
liquid. C and O isotope ratios were then analyzed on a Gasbench and Delta V IRMS using 
the phosphoric acid method (McCrea, 1950). The powdered carbonate is flushed with 
helium then acidified with approximately 100 microliters of 103% phosphoric acid for 2 
hours at 50°C. A second batch was sent to Utah State for both preparation and analysis.  
The carbon and oxygen delta values of the speleothem subsamples were then 
compared to instrument records, air quality and land use change. Statistical Analysis 
System (SAS) was used to run correlation and principle component analyses. Delta values 
were analyzed the against annual 1-yr, 2-yr, 3-yr, 4-yr, 5-yr, 6-yr, 7-yr, 8-yr and 10-yr 
running averages of Central England Temperature (CET), Central England Precipitation 
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(CEP), NAM, NAO, AMO, as well as the annual air quality and land use data pertaining 
to the speleothem sample year.  
Determination of calcite formation in equilibrium conditions. The oxygen delta 
values of the meteoric water in VSMOW were first converted to PDB. The Kim & O’Neil 
equation [9] was applied to derive the equilibrium fractionation factor (α) for calcite for 
the range of tunnel temperatures, 6°C - 16°C. Using the calculated α, estimates of CaCO3 
δ18O values were calculated for formation in isotopic equilibrium. The estimates were then 
compared to the actual δ18O range of the calcite (Kim & O’Neil, 1997; Lachinet, 2006). 
Instrument Station Data 
Three sets of instrument data from the UK Met Office were gathered and analyzed: 
the CET, EWP and the Historical Station Data. Initially, conversion to Julian Day was 
necessary to handle dates prior to 1900 in Excel. With the application of our age model, 
inclusion of instrument station data prior to 1900 was no longer necessary. 1-year and 10-
year moving averages were calculated in Excel.  
Evaluation of the individual station data indicated they coincided with that of the 
CET, therefore only the CET record was used for the analysis. Tmin, Tmax and Tavg for 
both the individual and the HadCET data sets were computed for the period 1961-1990, 
and Tmin, Tmax and Tavg deviation from the 30-year mean were derived, from which Z-
scores were calculated. The Met Office also provided a monthly precipitation record, 
HadUKP CEP (Alexander & Jones, 2001) from 1873-present.  
Climate Indices 
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NAO indices (Jones et al.,1997) were retrieved from the UK’s Climatic Research 
Unit. Hurrell’s NAM dataset (Hurrell & NCAR, 2018) was obtained from the National 
Center from Atmospheric Research. AMO data (Trenberth & Zhang, 2019) was gathered 
from unsmoothed Kaplan SST V2 detrended and maintained by NOAA’s Earth System 
Research Laboratory.  
For CET, CEP, NAM, NAO and AMO, the cold season and warm season of each, 
the 1-year, 2-year, 3-year, 4-year, 5-year, 6-year, 7-year, 8-year and 10-year running 
averages were calculated. 
Air Quality  
Mooers et al. (2016) reconstructed air quality for the period 1890 – 2010 based on 
gravestone weathering. Gravestone weathering is a direct measure of acid deposition and 
was calculated at 10-year intervals. These data are used as an environmental proxy for air 
quality.  
Land Use 
Land use changes were derived from a time series of historical Old World Maps 
dating from 1904, 1921, 1938, and Google Earth Imagery from 1945, 1998 and 2017. In 
the immediate vicinity of the Netherton Tunnel, the percentage of farm, industrial and 
residential land was determined for each period.  
Dating - An Age Model 
The commonly used radiometric dating methods were unavailable to determine the 
chronology of the tunnel speleothems. U-Th dating was not an option since the U content 
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could not be verified. Additionally, after acidification of Netherton Tunnel samples with 
HCl (Konitzer et al, 2012) a slight residue remained indicating the presence of trace 
amounts of organic matter. The U-series dating lab could not analyze the samples, as the 
organics would be in the same mass range as thorium, and potentially foul the Thermal 
Ionization Mass Spectrometry (TIMS) equipment. The 210Pb method requires 5-8 half-lives 
to arrive at a depth where 210Pb is unsupported and the tunnel is not of sufficient age. 
Additionally, the 210Pb dating depends on high 226Ra content and no detrital 210Pb, which 
could not be verified.  
Speleothem growth is gradual and distinct layers of annual deposition can often be 
analyzed. Therefore, and age model was developed based on a three-stage approach. First, 
confocal microscopy was used to identify organic matter layering, which were then counted 
manually in both Photoshop and Image J (Figure Confocal NAC, N5, NB1). Second, thin 
sections were prepared by Texas Petrographic Services and viewed with cross polarization 
on a Leica DMLP/Canon EOS System/Apple Computer petrographic microscope. Rock 
crystals were identified by extinction under cross-polarized light, by color variations with 
adjacent crystals, or both (Figure 14). Using a micrometer grid, the individual crystal layers 
were measured and totaled.  
In the third approach, the Sr/Ca ratio was plotted and fitted with a spline curve in 
R-Spec astronomical software to smooth the data to highlight peaks. R-spec was designed 
for smoothing emission and absorption lines from stellar spectra, an application that is well 
suited for geochemical data. The procedure allows parameterization of the spline fit that 
can affect the recognition of small peaks. Therefore, three settings were used for low, 
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medium, and high filter. To obtain an objective result, the average tally for each of the 
three levels was calculated. The peaks were also counted manually as a check on the 
automated count. 
 
Figure 14. Rock crystals under cross-polarized light of petrographic microscope 
The commonly used radiometric dating methods were unavailable to determine the 
chronology of the tunnel speleothems. U-Th dating was not an option since the U content 
could not be verified. Additionally, after acidification of Netherton Tunnel samples with 
HCl (Konitzer et al, 2012) a slight residue remained indicating the presence of trace 
amounts of organic matter. The U-series dating lab could not analyze the samples, as the 
organics would be in the same mass range as thorium, and potentially foul the Thermal 
Ionization Mass Spectrometry (TIMS) equipment. The 210Pb method was omitted as the 
analysis requires 5-8 half-lives to arrive at a depth where 210Pb is unsupported and the 
tunnel is not that old. Additionally, the 210Pb dating depends on high 226Ra content and no 
detrital 210Pb, which could not be verified.  
The 14C content was analyzed by Accelerated Mass Spectrometry at International 
Chemical Analysis Inc., Ft. Lauderdale, Florida, to search for an increase in 14C associated 
with bomb carbon. Four samples across the axis of growth were processed for radiometric 
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dating and determination of percent modern carbon in an effort to identify the presence of 
atmospheric testing bomb carbon.  
Local Hydrology  
The isotopic composition of precipitation events provided data to create a local 
meteoric water line (LMWL) that displays the relationship of 2H and 18O in meteoric 
waters. Isotopic analysis and the comparison of delta values of drip water and local 
precipitation were then used to evaluate residence time of infiltrating water through the 
vadose zone (Lachinet, 2006, Kendall & McDonnell, 1998, Turner & Barnes, 1998).  
Geology  
ESRI’s ArcMap was used to perform Geographic Information System (GIS) 
analysis of the study site. 1:50,000 scale geologic maps (British Geological Survey) and 
Shuttle Radar Topography Mission (SRTM) elevation data served as the base map. Canal 
locations and land use layers derived from Google Earth were overlain onto the base. 
Borehole data from the vicinity of the tunnels were digitized. Geologic cross-sections were 
created from borehole data using Strater© software from Golden Software, Inc. Faults and 
fractures were added from digitized geological maps. GIS maps and the log records were 
used to create tunnel and tunnel events shapefiles.  
Results 
Speleothem Mapping 
The Shortwood, Wast Hills, and Netherton Tunnels exhibit different speleothem 
characteristics and abundance. Speleothem locations in the tunnels reflect the presence of 
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fractures or faults in the overlying strata. In the Shortwood tunnel, the most substantial 
speleothem growth occurs at the southwest end where a fault crosses the tunnel (Figures 8 
and 16). Wast Hills tunnel is nearly devoid of speleothems (Figure 17); Figure 8 shows that 
no significant geological structures are present. The Shortwood tunnel is overlain by 
Mercia Mudstone Group, which is extremely homogeneous and devoid of structures. 
Netherton Tunnel, in contrast, has substantial speleothem growth at several 
locations. Figures 8 and 9 illustrate the geology and geological structures associated with 
the Etruria Formation and Middle Coal Measures that overlie the tunnel. The presence of 
faults and fractures in the center of the tunnel and within a few 100 meters of its southwest 
entrance are associated with the most well-developed speleothems. Specific descriptions 
and interpretations for each tunnel follow in order of mapping: Shortwood, West Hills, and 
Netherton. Distance markers are relative to the side of the tunnel entered for mapping. For 
example, the Shortwood Tunnel was entered from the northeast so reference point 0 m is 
at the northeast tunnel entrance. At the time of mapping, all speleothems were assumed to 
be composed of calcite minerals. 
The Shortwood Tunnel, south of Birmingham on the Worcester and Birmingham 
Canal, is approximately 560 m long and consists of the original brick tunnel alternating 
with refurbished sections of concrete lining. Overall, speleothem formation in the 
Shortwood Tunnel is patchy and consists mainly of soda straws and poorly formed, small 
stalactites (Figure 15). From the northeast, the Shortwood Tunnel is structurally reinforced 
with concrete for 40 m, and speleothems are thin or poorly developed. The northeast end 
contains a short section (~10m) of sparse soda straw formations (40-48 m). The remainder 
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of the northeast half of the tunnel is barren of calcite deposits. Heavy drip, evidenced by 
running or rapidly dripping water, occurs in the southwestern center of the tunnel at 353 m 
and 378 m. A patch of soda straws (394 m) is followed by thin flowstone (431 m). At 440 
m, soda straws evolve into a soda straw garden. A large speleothem formation at 450 m 
consists of calcite formed about an oxidized pipe. A second soda straw garden spans from 
470 m to 483 m, although few soda straws persist. A combination of soda straws and 
flowstone exists at 491 m. Flowstone alone occurs at 529 m. No formations exist along the 
33 m remaining to the southwest exit.  
 
Figure 15. Shortwood Tunnel Events 
 The Wast Hills Tunnel, is one of the longer tunnels in the canal system 
(Cumberlidge, 2009). The tunnel, however, contains minimal speleothem growth (Figure 
16). Three airshaft vents are dispersed along the length of Wast Hills Tunnel, and calcite 
formations created by a constant flow of water at the vents, though substantial, was not 
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sampled. Water seepage responsible for the formation of the calcite deposits appeared to 
come largely from seepage around the margins of the airshaft’s steel lining. They were 
considered to be influenced almost entirely by the air vent and not typical of other 
speleothems. From the southern entrance, the tunnel contains dripping water (17 m) and a 
mix of thin flowstone and soda straws (34 m). A bare stretch for 84 m in the southwest 
section of the tunnel begins a pattern of sparse events. Dripping water (118 m), flowstone 
(169 m and 278 m), heavy drip water (451 m) and an area containing a mixture of rapidly 
dripping water, soda straws and flowstone (747 m) are the next features with an expanse 
of tunnel between each (51 m, 110 m, 173 m, 295 m respectively). After another 139 m 
with no events, drip (886 m) and flowstone (924 m) occur. Flowstone (1186) is present 
again 262 m further to the north. In the northeast portion of the Wast Hills tunnel, three 
consecutive regions of combined soda straws and flowstone are located at 1312 m, 1326 m 
and 1422 m. Seven events of thin flowstone are evident at intervals of 10-41 m, with heavy 
drip within 7 m of the fifth flowstone event. Flowstone and heavy drip (1733 m), drip alone 
(1870 m) and flowstone and drip (1941 m) punctuate the tunnel continuing north. Two 
areas with soda straws (2083 m and 2258 m) occur approaching the northern exit.  
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Figure 16. Wast Hills Tunnel Events 
The Netherton Tunnel, is characterized by frequent areas of dripping or running 
water and extensive speleothem growth (Figure 17). In the northeast section, small drips 
occur at 68 m, 81 m, and 154 m. Small or thin amounts of flowstone are located at 109 m 
and 199 m. Heavy drip is encountered at 349 m. Thin flowstone and flow ribbons occur 
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between 419 m and 457 m. Flowstones bands form at 500 m and 516 m. A small patch of 
flowstone at 605 m is followed by natural brickwork for over 200 m. Heavy drip (842 m) 
is followed closely by flowstone (851 m). Approaching the center section of the Netherton 
Tunnel, two small separate areas of flowstone are located at 903 m and 967 m. Flowstone 
does not form again until well into the center of the tunnel at 1202 m with drip nearby at 
1207. Flowstone and heavy drip simultaneously occur at 1277 m. Additional flowstone 
forms down-tunnel 100 m at the very center of the tunnel (1380 m). A refurbished area, 
consisting of concrete lining, marks the tunnel at 1446 m. Thin flowstone covers the walls 
at 1499 m and thickens into flowstone at 1520 m. Soda straws form amid flowstone (1538 
m) and a flowstone ridge on the west (right) wall mid-tunnel at approximately 1610 m had 
formed around a pipe, explaining the ridge. No speleothem features are located for over 
200 m prior to exiting the center portion of the Netherton Tunnel. Entering the southwest 
section, various flowstones dominate. Bands of flowstone (1849 m and 1861 m) are 
followed by flowstone (1903 m, 2128 m) and flowstone with heavy drip (1918 m, 2201). 
Soda straws appear independently (2265 m at 2292 m) and combined with flowstone (2276 
m, 2292 m, 2352 m, 2352 m). Thick flowstone of greater than 10 cm of deposited calcite 
(2312 m) is succeeded by a continuous stretch of flowstone (2338 m). After approximately 
190 m of minimal speleothem activity, thin flowstone (2538 m) transitions to multiple 
sections of thick flowstone (2559 m and 2628 m), especially along the east wall. Regular 
flowstone is interspersed along the east wall (2577 m and 2648 m) and then both sides of 
the tunnel (2704 m) within 64 m of the southwest exit. Heavy drip is associated with five 
of the seven vents along the length of the Netherton Tunnel. 
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Figure 17. Netherton Tunnel Events 
Tunnel Drip Water Chemistry 
The tunnel drip water is circum-neutral with a pH range of 7-7.5 and alkalinities of 
210-240 meq/L. 
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Figure 18. Prepared Speleothem samples 
X-Ray Fluorescence 
Based on their limited scatter and potential trends within the individual samples, 
sulfur, chloride, iron and strontium were considered as potential elements of interest. 
Concentrations of these elements were relatively constant from the most recent to the oldest 
depositional layers (Figure 19). No significant results or trends were consistent upon 
further analysis across all samples of sulfur, chloride and iron. 
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Figure 19. XRF Lineup of Samples. Scan started from the most recent and proceeded toward the oldest 
deposits 
Figures 20 shows the concentration of Sr compared to Ca in the NAC sample. 
Figure 21 is a plot of the Sr/Ca ratio vs. position along sample NAC and Figure 22 is the 
splined Sr/Ca ratio as a function of position. The number of peaks in the Sr/Ca ratio was 
determined for each of the three spline options (low, med, high) (Table 1) by determining 
the slope of the curve at each position. A change from positive to negative slope 
corresponded to the peaks. Counts of the peaks were used to determine the age model.  
 
 
Figure 20. Sr and Ca. Note the extreme difference in scale and the mirroring that occurs. 
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Figure 21. Sr/Ca of Sample NAC 
 
Figure 22. Sr/Ca Splined in R-Spec – Level 571 (high)  
Table 1. Peak Counts at three R-Spec Spline Levels 
 
Confocal Microscopy 
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Samples were imaged with confocal microscope to highlight organic material 
within layers of each sample and provide a subjective method of determining and counting 
layers. Generated counts for sample NAC ranged from approximately 92 -100 couplets 
(Figure 23), the N5 sample (collected from a pipe) consisted of roughly 65 couplets (Figure 
24), and the count for NB1 was 82 couplets (Figure 25). The reason for the discrepancy 
between counts is related to the interpretation of the banding. Each sample was counted 
three times with an interval of at least a day between counts. 
 
Figure 23. NAC Count - 92 
 
Figure 24. N1a Count - 80 
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Figure 25. NB1 Count - 82 
Petrographic Microscopy and Trace Element Analyses 
The petrographic microscope rock crystal analysis resulted in a count of 91 layers. 
The R-Spec approach to the Sr/Ca peaks analysis resulted in a count of 90 layers, while the 
manual method outcome was 91 layers. 
Age Model 
The results of confocal, petrographic and Sr/Ca analyses provided the basis of an 
age model. Age of the annual layers was identified by year starting from the outer lamina 
at the time of collection in 2016. The running total of measured widths and their associated 
year of deposition were used to determine an age/position (mm) along the growth axis of 
the speleothem. Interpolating dates for each increment accounted for the varying thickness 
of each layer width. This timeline was then used as a catalog for the speleothem isotope 
dates based on sampling position.  
Local Hydrology 
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Figure 26 is a plot of δD versus δ18O for rainwater, tunnel drip, and tunnel puddle 
water with reference to the Global Meteoric Water Line (GMWL). Isotopic values of local 
precipitation describe the Local Meteoric Water Line.  
 
Figure 26. Isotopic Composition of Precipitation and Tunnel Waters 
Tunnel drip water and puddle water plot on the local meteoric water line but have 
a much narrower range of isotope values than that of local precipitation. The narrow range 
is interpreted as mixing of the annual range of precipitation infiltrating through the vadose 
zone. Figure 27 displays the annual variability of isotopic composition of local meteoric 
water and its seasonal cycle. The vertical grouping of sample analyses reflects the change 
in the isotope sequence during single rain events, which is a result of Rayleigh fractionation 
(Clark & Fritz, 1997; Sharp, 2017). Figure 28 shows the same annual data normalized to 
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air temperature. Normalization smooths out much of the variability from isotopic 
dependency on temperature. 
 
Figure 27. Annual Meteoric Water 
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Figure 28. Meteoric Water Normalized to Temperature 
Figures 30 - 33 are quarterly delta value trends in the meteoric events by month 
relative to those of tunnel drip and puddle water. The δD and δ18O are plotted to reflect the 
shift in values over the course of the year. The month of the meteoric events are categorized 
symbolically. Note multiple rain samples collected over time from the same meteoric event 
are included and are not differentiated on the graphs. Some of the migration of delta values 
within the same month, therefore, is likely a function of Rayleigh distillation.  
The seasonal shift in isotopes is evident (Figures 29 and Figure 30) as the majority 
of February rain events fall along the lower, left-hand reach of the LMWL where lower 
values for δ18O and δ2H lie. March and April rain events are more enriched in heavier 
isotopes reflecting warmer temperatures. The delta values for April rain events plot along 
the upper right-hand section of the LMWL where the least negative delta values are located. 
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The other quarterly graphs also display the migration of values along the LMWL in 
response to seasonal temperatures (Figures 31-33).  
 
Figure 29. Tunnel Drip and Puddle Water: February – April 
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Figure 30. Rain Events, Tunnel and Puddle Water: February - April 2018 
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Figure 31. Rain Events, Tunnel and Puddle Water: May - July 2018 
 
Figure 32. Rain Events, Tunnel and Puddle Water: August - October 2018 
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Figure 33. Rain Events, Tunnel and Puddle Water: November 2018 - January 2019 The isotopic composition of tunnel drip water is shifted by a significant amount of time, possibly 6-8 months, from surface precipitation, which is interpreted as the residence time of groundwater in the vadose zone. Figure 34 displays the 
variation of tunnel drip water isotope values by month of collection. Figure 35 displays the 
migration of the tunnel puddle water delta values over time. 
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Figure 34. Delta Values for Tunnel Drip Water. The month in which the sample was collected is in 
numerical form adjacent to the plotted point, e.g. 10 is next to the bottom left point indicates the sample 
was collected in October. 
 
Figure 35. Delta Values for Tunnel Puddle Water. The month in which the sample was collected is in 
numerical form adjacent to the plotted point. 
56  
Instrument Station Temperature 
Central England Temperature Record (CET). Figure 36 shows the average 
deviation of the annual average Central England Temperature from the 1961-1990 climate 
mean. The warming trend over the last few decades is consistent with other long-term 
temperature records from the UK and Europe (Benner, 1999; Hughes, 2000).  
 
Figure 36. Central England Temperature 
Individual Station Data. The data from Edgebaston, Shawbury, Sutton 
Bonnington and Oxford, several of the temperature records used to compile the CET, are 
shown in Figure 37 and Figures 39-41. Analysis of these four temperature records shows 
essentially the same pattern of increasing temperatures since the late 1970s. From 2000-
2012, the deviation remained predominantly positive. The 20-year gap in the data at 
Edgebaston is unfortunate (Figure 37 and Figure 38) but actually emphasizes the 0.15-0.2 
unit increase in the z-score.  
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Figure 37. Edgebaston Temperatures. Comparison of the deviation of the 12-month moving average 
temperature from the temperature mean for the 30-year climate period between 1961 and 1990 for 
Edgebaston. 
 
Figure 38. Z-Score Edgebaston 
The remaining individual station data reflect the change of the mean temperature 
averages from a predominantly negative to a generally positive deviation around 1990 
relative to the 1961-1990 mean (Figures 39-41).  
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Figure 39. Shawbury Temperatures. Comparison of the deviation of the 12-month moving average 
temperature from the temperature mean for the 30-year climate period between 1961 and 1990 for 
Shawbury. 
 
Figure 40. Sutton Bonington Temperatures. Comparison of the deviation of the 12-month moving average 
temperature from the temperature mean for the 30-year climate period between 1961 and 1990 for Sutton 
Bonington. 
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Figure 41. Oxford Temperatures. Comparison of the deviation of the 12-month moving average 
temperature from the temperature mean for the 30-year climate period between 1961 and 1990 for Oxford. 
Central England Precipitation Record (HadUKP). Figure 42 shows the average 
deviation from the 1961-1990 mean of the annual average Central England Precipitation 
(Figure 36). Fluctuations are minimal and indicative of the maritime climate.  
 
Figure 42. Central England Precipitation - HadUKP  
Carbon and Oxygen Isotopes 
Isotopic Equilibrium. The formation of calcite in the Netherton Tunnel was 
determined to be in isotopic equilibrium. Using the Kim and O’Neil equation [9] to derive 
the fractionation factor (α) for the warm and cold season, the α for the measured 
temperature in July of 16 °C is 1.03 and represents the warm season. The estimated α value 
-3.00-2.00
-1.000.00
1.002.00
1853 1858 1863 1867 1872 1876 1881 1886 1890 1895 1899 1904 1908 1913 1918 1922 1927 1931 1936 1941 1945 1950 1954 1959 1963 1968 1973 1977 1982 1986 1991 1996 2000 2005 2009 2014
OxfordTemperature Deviation of Mean Avg from ('61-90) Mean
60  
for the cold season at 8 °C is 1.032. The α for each season was applied to estimate a range 
-5.90 to -6.23‰ for the δ18O of the calcite formed. The actual speleothem sample δ18O 
values range from -4.2 to -7.2 ‰. The values are very similar and thus, the sampled 
speleothem can be considered to have formed in isotopic equilibrium.  
Speleothem Isotope Record. Figures 43 and 45 are time series of δ13C and δ18O 
values for the speleothem samples N5 and NAC. The age model applied to Sample NAC 
dates the oldest calcite layer to 1928, to the date of collection, 2016. Annual layering, upon 
which the age model is based, ranges from 0.2 to 0.8 mm and the drill bit used for sampling 
had a diameter of 0.5 mm. Sampling, therefore, only has a resolution of 1-2 years at best. 
Since it is difficult to evaluate the angle of the sampling drill hole, it is reasonable to assume 
that temporal resolution is generally no better than 3 years of speleothem growth. 
Therefore, the data are smoothed by a 3-year running average (Figures 44 and 46). 
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Figure 43. Speleothem Sample N5 Delta Values. There is no age model available for the N5 sample, so the 
timing of the two δ13C peaks is unknown. 
 
Figure 44. Smoothed Delta Values - Sample N5. (3-point average). There is no age model available for the 
N5 sample, so the timing of the two δ13C peaks is unknown. 
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Figure 45. Speleothem Sample NAC Delta Values 
 
Figure 46. Smoothed Delta Values – Sample NAC. (3-point average)  
Land Use  
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Current Land Use. The area above the tunnels that could conceivably contribute 
to infiltration is relatively small. Therefore, land use has been relatively consistent above 
the tunnel (Figure 47). Current land use at Netherton and Wast Hills Tunnels is just over 
50% residential and slightly less than 50% pasture, or green space. The area above the 
Shortwood Tunnel has never been developed and is green space. The overall region is 
relatively flat with only a few areas of moderate incline interrupting the otherwise flat or 
gradual inclines of the gently rolling landscape. 
Land Use Change. Land use over the Netherton Tunnel changed from rural 
agricultural at the beginning of the 20th century and is currently residential and green 
space. The decrease in farming occurring between WWI and WWII was coincident with 
the migration of the rural population to residential neighborhoods supporting the expansion 
of industry during this time (Allen, 1929; Nevile et al., 1933). No current industrial areas 
are active in the immediate study area. 
 
Figure 47. Land Use Change over Netherton Tunnel  
Correlation Analyses  
A summary of the correlation matrix of all variables with δ18O and δ13C is located 
in Appendix A and graphed in Figure 48. For δ18O, the most significant correlations (Figure 
64  
48b) are with multiple-year moving averages of the AMO during the cold season 
(November through April) and with land use (Figures 48-50). Results of linear regression 
analysis of δ18O and the AMO cold season 8-year moving average are tabulated in Table 
2. Note the p-value of 3.02x10-7, which allows us to reject the null hypothesis that there is 
no effect of the AMO on speleothem δ18O.  
Land use is essentially a categorical variable representing the proportion of 
residential vs. agricultural areas. Since this is a binary variable (residential or 
agricultural) the value is expressed as the percentage of residential land use ranging from 
0.15 to a maximum of 0.7 (Tables 3 and 4). δ18O declined as the proportion of residential 
area land use increased over the past century (p-value < 0.001). The results of single 
factor Analysis of Variance (ANOVA) allow us to reject the hypothesis that there is no 
difference in speleothem isotopes between the categorical changes in land use (Table 3).  
Similarly, δ13C increased as the proportion of residential area increased over this 
time period (p-value < 0.001) (Figures 48, Table 4). There is no correlation between δ13C 
and any climate variables, and in general, δ13C is not correlated with climate.  
a. 
Figure 48. Graphs of Correlation Matrix for δ13C and δ18O. SAS results between 0.3 and 0.5 indicate a 
medium/moderate correlation and results greater than 0.5, a large/strong correlation (Kent State 
University Libraries website). a. Correlation between δ18O and all climate and land use variables. b. 
Parameters with significant correlation with δ18O.  c. Parameters with significant correlation with δ13C. 
d. Correlation between δ13C and all climate and land use variables. 
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b. c. 
d. 
 
 
Figure 49. Correlation between Speleothem δ18O and AMO (p-value < 0.001). 
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Table 2. Linear Regression Output for AMO and δ18O 
 
 
Figure 50. AMO Index and Speleothem δ18O. 
SUMMARY OUTPUT H0: there is no correlation between 18O and AMO
Ha: there is a correlationm between 18O and AMO
Regression Statistics
Multiple R 0.554
R Square 0.307
Adjusted R Square 0.297
Standard Error 0.118
Observations 74
ANOVA
df SS MS F Significance F
Regression 1 0.44 0.44 31.91 3.02E-07
Residual 72 1.00 0.01
Total 73 1.44
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 0.868 0.157 5.531 0.000 0.555 1.181 0.555 1.181
d18O 0.163 0.029 5.649 0.000 0.105 0.220 0.105 0.220
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Table 3. ANOVA: Single Factor δ18O and Land Use 
 
Table 4. ANOVA: Single Factor δ13C and Land Use 
  
Discussion 
There continues to be a significant interest in climate studies. Reconstruction of 
past climates, and determining triggers and lag effects of current climate phenomenon, are 
important for creating records and understanding teleconnections at inter-hemispheric, as 
well as latitudinal scales. Speleothems can provide an accurate constraint on the timing of 
climate events compared to other proxies, as well as insight into climate forcings and 
feedback mechanisms. Speleothems from the tunnels of the canal system in Central 
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England appeared to experience a rapid growth rate, which is required to detect short-term 
climate events and low-amplitude climate signals.  Additionally, formation in an artificial 
structure of a known age constrains the period of a potential record. This might be the only 
study that would document recent climate change in Great Britain. 
This study seeks to determine whether tunnel speleothems act as reliable climate 
proxies. Speleothems in this study are growing at a rate of 0.4 -1.0 mm per year, a 
deposition rate that could provide a high-resolution environmental record of climate and 
land use. Calcite layers form in isotopic equilibrium via infiltration of precipitation from 
the surface that has a residence time of less than a year, and thus is likely to record annual 
changes.  
Our age model based on annual layering, is used as an alternative to radiometric 
dating methods. The age model applied to Sample NAC from the Netherton tunnel is based 
primarily on confocal microscopy and fluorescence of organics, mineralogical 
characteristics, and Sr/Ca ratio. All three of these indices provide nearly identical ages, 
therefore the age model seems reasonable given the time of construction of the tunnel 
(1858) and the sampling depth. 
Subsampling with a 0.5mm dental drill bit at regular intervals resulted in a time 
series of isotope values averaged over approximately 3-4 layers with a bias against thinner 
layers (Quinn et al., 1996; McDermott, 2004; Baldini et al., 2008). In order to compare 
these isotope values to climate records, averages of shorter-term climate data were 
required. 
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Figure 46 shows temporal variation of δ13C of 2 - 4‰. Although there is no strong 
correlation with environmental variables, there appears to be a correlation with land use 
changes (Figure 47, Table 4), even though land use is a categorical variable that is difficult 
to interpret. Agriculture in the early 20th century transitioned to residential and green space 
by about 1940. Without knowledge of the type of row crops that were grown and the 
vegetation history after about 1940, correlation with δ13C is difficult. Increased infiltration 
of meteoric water associated with farmland possibly increases the flow of percolating 
water, therefore limiting the extent of interaction in the bedrock compared to residential 
areas. 
The anomalous 14C analyses indicate very low values of percent modern carbon (20 
pMC). The non-hyperalkaline conditions and low modern carbon content suggest free 
exchange of DIC with ancient or “dead” carbon in the bedrock (Tanahara, 1998; Gascoyne 
and Nelson, 1983; I. Fairchild, personal communication, March 2, 2019). Biotic respiration 
in geologically ancient bedrock could also mask modern atmospheric 14C (Kilin, 2000). 
Particulate organic carbon contamination from diesel engines and coal-burning heating 
systems is also a possible explanation for the low percent modern carbon determined by 
14C analyses.  
The only strong correlation of δ18O is with the climate teleconnection influences 
of the AMO and land use. Shifts from negative to positive AMO are related to shifts in 
cold to warm periods in the Northern Hemisphere (Zampieri et al., 2017). Positive shifts 
in δ18O values, which also indicate warming phases, correlate to these positive shifts in 
AMO (Figure 49).  
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Agricultural and industrial land use changes are positively correlated with δ18O 
while residential land use changes correlate negatively. This is interpreted as a result of 
higher infiltration rates associated with agricultural land use compared to residential land 
use, which allows for more communication, even during the warm season with the effect 
of evapotranspiration associated with crops, between the atmospheric and the tunnel 
environments. When residential land use became more prevalent, the δ18O values 
decreased. The inverse relationship between δ18O and residential land use is likely 
attributed to greater infiltration during the cold season when the mix of lawn and parkland 
vegetation is dormant, leading to a larger influence of the colder season on isotope values 
of the water percolating through the bedrock to the tunnel.  
The Sr/Ca of the speleothem demonstrates seasonal variations in the trace element 
indicating annual layering. Differences in the seasonal fluctuation of rainfall is often 
responsible but in the UK’s maritime climate the annual variations in Sr/Ca are likely the 
result of evapotranspiration and not related to seasonal rainfall. During the full vegetative 
state of the warm season, little or no meteoric water infiltrates through the soil zone because 
of vegetative uptake. This demand on the meteoric water synthesizes relatively dry 
conditions for the various carbonate phase transitions and speleothem development. In this 
setting, it is likely Sr is sequestered during the warm season. Strontium composition can 
also respond to changes in land cover and use, over decades as well as seasonally.  
A LWML was created from isotopic analysis of local meteoric water. Figure 26 
graphs LMWL along with the isotope values of tunnel drip and puddle water, and describes 
the isotopic transition of the water at each stage as it migrates from the surface to the 
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puddles. For each stage, the slope of the trendline signifies the extent of evaporative 
processes, and the y intercept, which represents deuterium excess (d), results from relative 
humidity and moisture recycling. The slope and d for each stage progressively decrease, 
indicating increased evaporation and less moisture recycling at each junction. 
The 18O isotope signals do not appear to reflect the long-term climate-warming 
trend seen in the CET, likely because warming temperature trends have surfaced only in 
the most recent few decades at a rate of one degree Celsius per 30 years. It is also possible 
detailed climate information was not recorded in the tunnel speleothem because the climate 
change is not large enough to overwhelm the variability caused by local environmental 
inputs. Successfully retrieved, high-resolution records from cave speleothems are located 
in regions that have highly contrasting seasons (Johnson et al., 2006; Burns et al., 2002; 
McDermott, 2004). Other successful records derive from speleothems that have formed 
over tens of thousands of years, during which timeframe climate variation is more 
substantial (Brook, et al.,2006; Barr-Matthews et al., 1998; McDermott, 2004). 
Additionally, alternative methods might improve interpretation of speleothem isotope 
records. Laser ablation or micro-milling subsampling, and exploring new laboratory 
options for radiometric U-Th dating would increase the resolution of the isotope data 
(McDermott, 2004). A finer analytical process using the combination of MAT and tunnel 
temperature might account for variations in the δ18O from tunnel temperature, and define 
the impact of MAT alone on δ18O along shorter time scales. 
72  
Conclusions 
The results of this investigation indicate that the time series of δ18O in tunnel 
speleothems exhibit moderate, statistically-significant correlation with the AMO index, 
which is a measure of variations of sea-surface temperature anomalies on multi-decadal 
time scales. In addition, correlation of δ18O and δ13C with residential land-use is consistent 
with infiltration biased toward the winter season. δ18O is negatively correlated with land 
use; as the percentage of residential land use increases, δ18O becomes slightly more 
negative. Residential/greenspace areas have reduced infiltration during the growing season 
as vegetation sequesters and transpires most of the available water. Infiltration rates are 
higher during the cold season when vegetation is dormant. δ13C is positively correlated 
with residential land use. The reason for this trend is not clear; however, if most of the 
infiltration occurs during the cold months, then soil microbial activity would be at a 
minimum.  
It is unclear whether a record of shorter-term local environmental signals is 
retrievable from these or similar speleothems. In this study, we suggest that local 
environmental signals, if present, are likely lost in variability of the maritime climate and 
geochemical processes in the soil and vadose zone. This may not, however, be the general 
case for all similar speleothems.  
The correlation of δ18O in tunnel speleothems and the AMO index could be of 
interest on a larger scale. Over the past couple of decades, increasing hurricane frequency 
and increased melting of the Greenland Ice Sheet have been attributed to warming sea-
surface temperatures over the North Atlantic (Ting et al., 2009). Whether this increase in 
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SST in related to human-induced, long-term climate change or natural variability in the 
AMO is a topic of debate (e.g. Emanuel, 2005; Webster et al., 2005; Landsea, 2005). The 
climate data preserved in the tunnel speleothems could be of value in climate modeling 
with the current focus on teleconnections.  In addition, the record of land use changes from 
tunnel speleothems has the potential to assist in monitoring changes in land cover and the 
impact of anthropogenic activities on area hydrology.   
The AMO index describes the multi-decadal climate variability in North Atlantic 
by spatially averaging SST anomalies. A future approach, suggested by Dr. Byron 
Steinman (personal communication, 2019), would entail analysis of individual grid cells 
of instrument data and comparing North Atlantic SST of specific regions to the spatial time 
series to the δ18O time series of the tunnel speleothems.  The process may identify regions 
of the North Atlantic where sea surface temperatures are better correlated with the δ18O 
record.  
Analysis of speleothems from the tunnels on the BCN that are the focus of this 
investigation suggest that high-resolution paleoenvironmental records can be obtained 
from similar deposits found in other constructed features.  
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Appendix 
Appendix A.  Correlation Coefficients for all variables vs. δ18O and δ13C  
 
Parameter 
Correlation 
with δ18O 
Correlation 
with δ13C 
δ18O 1 0.13757 
δ13C 0.13757 1 
CETAnn 0.02053 0.24514 
CET2YR -0.00039 0.22264 
CET3YR 0.06085 0.29419 
CET4YR 0.01569 0.2597 
CET5YR 0.00117 0.28225 
CET6YR -0.00434 0.2863 
CET7YR -0.02147 0.25107 
CET8YR -0.0563 0.2525 
CET10YR -0.08353 0.23522 
CETAnnCold -0.02152 0.13681 
CET2YRCold -0.04504 0.18478 
CET3YRCold -0.0539 0.26341 
CET4YRCold -0.0196 0.24698 
CET5YRCold -0.04194 0.28723 
CET6YRCold -0.01177 0.2468 
CET7YRCold -0.00967 0.2656 
CET8YRCold -0.08278 0.25264 
CETAnnWarm 0.09733 0.16401 
CET2YRWarm 0.04581 0.16109 
CET3YRWarm 0.15538 0.26227 
CET4YRWarm 0.07709 0.2374 
CET5YRWarm 0.08431 0.25798 
CET6YRWarm 0.02872 0.22742 
CET7YRWarm -0.01175 0.19395 
CET8YRWarm -0.01946 0.19016 
CET10YRWarm -0.05909 0.21384 
PrecMonth 0.0396 0.15729 
PrecAnn 0.03102 0.24102 
Prec2YR 0.05942 0.28574 
Prec3YR 0.03213 0.31007 
Prec4YR 0.06576 0.29196 
90  
Prec5YR 0.16311 0.37418 
Prec6YR 0.17411 0.3261 
Prec7YR 0.15372 0.33451 
Prec8YR 0.0942 0.30107 
Prec10YR 0.05556 0.3101 
PrecAnnCold -0.14092 0.10809 
Prec2YRCold -0.1323 0.16211 
Prec3YRCold -0.13958 0.23365 
Prec4YRCold -0.08936 0.23563 
Prec5YRCold -0.06615 0.2868 
Prec6YRCold -0.08521 0.30288 
Prec7YRCold -0.00916 0.29336 
Prec8YRCold -0.05055 0.30514 
Prec10YRCold -0.20801 0.30931 
PrecAnnWarm 0.12288 0.17617 
Prec2YRWarm 0.22639 0.24094 
Prec3YRWarm 0.15356 0.23577 
Prec4YRWarm 0.17757 0.19267 
Prec5YRWarm 0.27106 0.26509 
Prec6YRWarm 0.26659 0.19922 
Prec7YRWarm 0.26418 0.20342 
Prec8YRWarm 0.20815 0.13607 
Prec10YRWarm 0.23638 0.2648 
NAOMonth -0.32646 -0.0914 
NAOAnn -0.10702 -0.00499 
NAO2YR -0.11335 0.06488 
NAO3YR -0.03347 0.11947 
NAO4YR -0.0579 0.08905 
NAO5YR -0.07568 0.04181 
NAO6YR -0.05314 0.07568 
NAO7YR -0.06578 0.0237 
NAO8YR -0.03722 0.02485 
NAO10YR -0.04915 -0.0124 
NAOAnnCold -0.072 -0.00356 
NAO2YRCold -0.02838 0.02361 
NAO3YRCold -0.09387 0.12591 
NAO4YRCold -0.01775 0.09402 
NAO5YRCold -0.02831 0.11385 
NAO6YRCold 0.03193 0.10157 
91  
NAO7YRCold -0.05516 0.04278 
NAO8YRCold -0.02157 0.06376 
NAO10YRCold -0.13928 0.00895 
NAOAnnWarm 0.00992 -0.0558 
NAO2YRWarm -0.06825 -0.01966 
NAO3YRWarm -0.01295 -0.03419 
NAO4YRWarm -0.01192 0.00462 
NAO5YRWarm 0.0123 0.00657 
NAO6YRWarm -0.01758 0.00138 
NAO7YRWarm -0.05516 0.04278 
NAO8YRWarm 0.0046 0.00037 
NAO10YRWarm 0.07895 -0.00197 
NAMAnn -0.17685 0.1409 
NAM2YR -0.19272 0.16781 
NAM3YR -0.21421 0.26841 
NAM4YR -0.17059 0.27706 
NAM5YR -0.2168 0.31507 
NAM6YR -0.15823 0.33417 
NAM7YR -0.2672 0.31626 
NAM8YR -0.22745 0.30655 
NAM10YR -0.22193 0.30144 
AMOMonth 0.46743 -0.11234 
AMOAnn 0.4552 -0.12102 
AMO2YR 0.49546 -0.10876 
AMO3YR 0.48843 -0.10634 
AMO4YR 0.4884 -0.11542 
AMO5YR 0.48563 -0.11499 
AMO6YR 0.48431 -0.1365 
AMO7YR 0.48457 -0.14399 
AMO8YR 0.48453 -0.15462 
AMO10YR 0.47183 -0.1538 
AMOAnnCold 0.51533 -0.0306 
AMO2YRCold 0.52612 -0.05841 
AMO3YRCold 0.53611 -0.09324 
AMO4YRCold 0.54697 -0.0815 
AMO5YRCold 0.53162 -0.10716 
AMO6YRCold 0.54761 -0.09969 
AMO7YRCold 0.53931 -0.11736 
AMO8YRCold 0.54993 -0.12245 
92  
AMO10YRCold 0.53418 -0.12539 
AMOAnnWarm 0.37395 -0.1173 
AMO2YRWarm 0.43197 -0.13612 
AMO3YRWarm 0.41637 -0.12029 
AMO4YRWarm 0.42734 -0.1366 
AMO5YRWarm 0.42353 -0.13222 
AMO6YRWarm 0.41486 -0.13765 
AMO7YRWarm 0.4112 -0.15202 
AMO8YRWarm 0.40973 -0.16353 
AMO10YRWarm 0.40182 -0.16211 
Air 0.33943 -0.23752 
LandAg 0.40241 -0.41959 
LandRes -0.38707 0.45284 
LandInd 0.33528 -0.49125 
 
 
